Using repeated hydrographic measurements at 137°E, spatial-temporal variability of thermohaline intrusions in the northwestern tropical Pacific are investigated. Intrusions can be found in the main thermocline throughout the section, with their strength decreasing rapidly poleward. The strongest intrusions exist at the North Equatorial Countercurrent (NECC) where North/South Pacific thermocline water converges. These intrusions also exhibit temporal variations in strength which are closely associated with the meridional displacement of the NECC. Intrusion strength peaks in boreal winter when the NECC reaches its northernmost position of the year. At interannual time scale, intrusions tend to be weak (strong) during El Niño (La Niña) episodes. Variations in intrusion strength also lead to prominent fluctuation of lateral diffusivity K L and cross-front temperature flux F Θ . F Θ exhibits significant year-to-year changes which are well correlated with ENSO index, suggesting a possible role of intrusions in the low-latitude Pacific climate variability. 
Thermohaline intrusions are a type of oceanic thermohaline finestructure produced by lateral water mass interleaving and featured by alternating warm-salty and cold-fresh water layers with a vertical scales ranging from 1 to 100 m [1] . Strong intrusions are usually observed at oceanic fronts and water mass boundaries where lateral temperature (T)/ salinity (S) gradients are large. Thermohaline intrusions are focused by oceanographers primarily because of their direct connection to lateral mixing [2] . The northwestern Pacific Ocean is characterized by complicated upper-ocean circulation. Zonal currents bring water masses from various formation regions. Strongly contrasting T-S properties of the water masses form sharp fronts where thermohaline intrusions could develop. Dramatic property change of water masses due to mixing in this region has been described by many studies [3] [4] [5] [6] , in which intrusions may play an important role. Hence, for a better understanding of oceanic physical processes in this region, a particular investigation of thermohaline intrusions is necessary.
The existence and richness of thermohaline intrusions in this region have been reported by several previous studies. Among them, those observed near the equator are especially striking [7] . They are of a vertical scale of O (10 m) and featured by remarkable lateral coherence [7, 8] . The effective lateral diffusion due to these intrusions can be of an order of 10 3 m 2 s 1 which has been large enough to affect large-scale dynamics [9] . Richards and Edwards [9] pointed out that a larger lateral diffusion near the equator can greatly improve the simulation of upper-ocean structures like the Equatorial Undercurrent (EUC) and the East Pacific cold tongue. However, these findings are mainly confined at the equator and in the near-surface layer. The overall threedimensional spatial distribution of intrusions in the northwestern Pacific is unknown. Moreover, temporal variability of these intrusions, such as the seasonal cycle and interannual changes, has never been addressed in the oceanographic literature.
Comparing with other oceanographic themes, the re-searches of thermohaline intrusions suffer worse from the shortage and paucity of in-situ observations, because only high-resolution data can resolve the subtle spatial structure of intrusions. The only available long-term repeated hydrographic dataset in the northwestern Pacific is by the once-per-season cruises of the Japan Meteorological Agency (JMA) along 137°E meridian. This section starts from 34°N south of Japan and ends at 3°N near the New Guinea coast, cutting across the entire mid-and low-latitude northwestern Pacific Ocean (Figure 1 ). The data in each season from 1997 to 2010 are available at the website http://www. jma.go.jp/jma/indexe.html. Conductivity-temperature-depth (CTD) stations are mostly spaced in 1°-latitude bins with a vertical resolution of 1 dbar and temperature (salinity) uncertainty smaller than ±0.005°C (±0.0005 psu). In this study we use these profiles to explore the spatial distribution and temporal variations of thermohaline intrusions at this section.
Methodology of intrusion detection
Isopycnal salinity anomaly, which is also referred to as spice anomaly, is commonly used in recent observational studies of intrusion [7, 8, 10] . This method is proven to be effective in detecting intrusion signals and quantifying intrusion strength. The background salinity S B can be obtained by vertically smoothing the original salinity S profile. However, the results are, to some extent, sensitive to the choice of parameters of the filter, like the cutoff length. For example, the sharp subsurface salinity maximum in the upper thermocline is easy to be mistaken as a large positive anomaly. Thus a small cutoff is required in the shallow layer. On the other hand, intrusions in a deeper layer are often of larger vertical scales (see Table 1 of Ruddick and Richards [2] ), which demands a larger cutoff. In addition, density stratification can be greatly different between low-and mid-latitude profiles. Using one set of parameters, a smoothing under pressure/depth coordinate can not produce reasonable S B for all the profiles of the section. Besides, salinity anomalies can also be produced by thin well-mixed layers produced by turbulence or double diffusion. These effects will, to a large extent, contaminate the signals of intrusions. Hence we choose to conduct the smoothing under density coordinate, which can greatly diminish the above defects. Salinity records of the CTD profiles are linearly interpolated onto 0.005 kg m 3 density bins. Background salinity S B is calculated by smoothing original S using a fourth-order Butterworth filter with a 0.8 kg m 3 cutoff length. Then salinity anomaly S′ is calculated as S′ = S(σ)  S B (σ) under density coordinates and transformed back to pressure space. Our smoothing course provides satisfactory results which can capture the signals of intrusions at all latitudes of the section ( Figure 2 ). To quantify intrusion strength in different layers, after omitting the top 50 dbar, a S′ profile is further broken into 100-dbar segments and the root-meansquared (rms) salinity anomaly S′ rms is estimated for each segment. In Figure 2 , intrusion signals are clearly discernable in all the profiles shown here. In 2002, intrusions in the main thermocline is much stronger during winter cruise at 4° and 32°N, suggesting pronounced seasonal changes of intrusion strength at the NECC and the Kuroshio.
Results

Spatial distribution
The ensemble-mean S′ rms field represents the mean intrusion strength level and provides an overall distribution of intrusions in a climatologic sense (Figure 3(a) ). Its standard deviation (STD) is an indicator of temporal variability ( Figure  3(b) ). Meridional salinity gradient |S y |, which are critical for the development of intrusions, is estimated along isopycnal surfaces using the mean salinity field (Figure 3(c) ). Mean geostrophic current relative to 2000 dbar is also shown in Figure 3 (d).
Spatial patterns of mean rms S′, STD of rms S′, and |S y | show great resemblances. Strong intrusions, also with larger temporal variations, mainly develop at water mass [7] have found that features of interleaving layers in the western equatorial Pacific are consistent with the prediction of both double diffusion and inertial instability theoretical models. Intrusions near the western equatorial Pacific may be driven by both the two processes [11] . Near the equator, Coriolis parameter f, representing the planetary vorticity, is much smaller than that at mid-latitudes. Strong shears in the EUC and NECC, indicating a large relative vorticity, make the water much more vulnerable to near-inertial velocity instabilities. boundary, its meridional displacement leads to significant oceanic variations between 4°-6°N. In boreal winter (DJF), the NECC shifts northward, and more salty SPTW can be observed between 4°-6°N. The seasonal variation of water mass property has been described by Kashino et al. [12] using mooring observations at 5°N. Our results reveal that the northward NECC migration also carries strong thermohaline intrusions to the north. It is also noticeable that in some years, strong intrusion reaches northernmost in winter (e.g. in 2001, 2003, 2004, and 2007) , but the 34.9-psu isohaline always reaches northernmost in spring. The one-season lag is more evident between the NECC velocity and the 34.9-psu isohaline (Figure 4(b) ).
Temporal variations
By averaging variables for each season, we get the mean annual cycles which are most evident at 5°N (Figure 5(a)  -(c) ). Salinity begins to rise in winter, peaks in spring, and subsequently decreases from summer to fall. Zonal velocity is greatly enhanced in winter corresponding to the northward shift of the NECC; intrusion strength also shows a significant jump from fall to winter and gradually decreases afterward. This one-season phase lag between salinity and intrusion strength suggests the role of intrusions in water mass property change. Strong intrusions produce continuous northward heat/salt fluxes in winter, which leads to the salinity elevation from winter to spring.
We then examine the variations at ENSO time scale. (Figure 4(a) ). This fluctuation is also related to the meridional migration of the NECC, which shifts southward in strong ENSO events [13] . Based on on-board observations, Kashino et al. [14] found that the NECC core shifted north during January 2008 Cruise. Also, enhanced interleaving can be seen during that cruise (see Figure 5 of Kashino et al. [14] ). Interannual anomaly of S′ rms at 5°N ( Figure 5(d) ), which is obtained by subtracting the annual cycle, shows a peak-to-peak difference of ~0.1 psu and a negative correlation with the ONI of -0.35 (significant at 99% confidence level).
Variations in intrusion strength lead to fluctuation of meridional heat/salt flux. According to the equilibrium of Joyce [15] , a balance holds between the small scale vertical diffusions between alternating interleaving layers and cross-front flux. For salinity, it is expressed as where v L is the meridional velocity caused by interleaving, y S is the background lateral salinity gradient, K V is the vertical eddy diffusivity for salinity, and S zz is the vertical curvature of salinity. For a crude estimation, the cross-front potential temperature flux F Θ is written as [7]  
where α and β are thermal and saline expansion coefficients, respectively. Using the value of K V = 1×10 5 m 2 s 1 and setting ∆S = 2 S′ rms between 22.5-25.5 σ θ , mean F Θ can be coarsely estimated. Controlled by intrusion strength changes, F Θ fluctuates with a peak-to-peak difference of 4×10 3 °C m s 1 ( Figure 5 (e)) and shows even higher negative correlation with the ONI (r = 0.45, significant at 99% confidence level). We can also estimate the effective lateral diffusion coefficient due to intrusions by 
Summary and discussion
Using the repeated high-quality CTD measurements of the JMA, we delineate spatial distribution of thermohaline intrusions along the 137°E section in the northwestern tropical Pacific. Intrusions are strikingly intensive in the vicinity of the NECC at the southern end of the section, with strength decreasing with depth and latitude. Intrusions in the Kuroshio, with similar hydrographic environment as in the NECC, are much weaker, confirming the hypothesis of previous studies [7, 11] that inertial instability at low latitudes plays an important role in driving strong intrusions. For the first time in oceanographic literature, temporal variability of intrusions is addressed in this study. Pronounced variations of intrusion strength are found between 4°-6°N: an evident seasonal cycle with a peak in winter; and interannual modulations related with ENSO, which tend to be weak (strong) during strong El Niño (La Niña) episodes. These variations are shown to be associated with the meridional displacement of the NECC and the North/South Pacific water boundary. The variations of intrusion strength also result in large fluctuations of cross-front potential temperature flux F Θ and lateral diffusion coefficient K L . F Θ shows a prominent negative correlation with the ONI, enhanced (reduced) during cold (warm) events.
Limited by the horizontal resolution and temporal length of the dataset, our estimation is crude. However, we believe that the revealed variations in intrusion strength, heat flux, and lateral diffusion are basically robust. These results suggest the potential importance of thermohaline intrusions in the tropical Pacific ocean/climate variability. As the direct thermocline water exchange between the western Pacific warm pool and subtropical North Pacific are greatly suppressed by a high potential vorticity barrier near 10°N, lateral mixing at the NECC is especially important in the subtropical-tropical interaction. The intrusion-relevant poleward fluxes at the NECC are closely associated with the heat/salt budget of the warm pool, and thus may be involved in the recharge-discharge regime of ENSO [16] . Therefore, the role of intrusions in tropical ocean/climate processes cannot be ignored in the mixing parameterization scheme of numerical models. 
